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Abstract 

A  micro-reformer  was  made  by  using  silicon  fabrication  technology  and  a  new  catalyst  loading  method  of  ‘fill-and-dry  coating’.  The 
techniques  of  silicon  wet  etching,  bonding  and  thin-film  deposition  were  applied  in  the  micro-reformer  process,  and  a  commercial  Cu-ZnO- 
A1203  catalyst  served  as  the  reforming  catalyst.  The  volume  of  the  single  micro-reactor  was  0.55  cm3  and  the  micro-reformer  stack,  which 
consists  of  one  vaporizer  and  two  reformers,  occupied  15  cm3.  Methanol  solution  was  used  as  the  reactant  and  the  composition  and  feed  rate 
were  varied.  The  operating  temperature  of  the  reformer  was  in  the  range  of  280-320  °C  and  was  controlled  by  an  electrical  thin-film  heater  at 
a  fixed  vaporizer  temperature  of  150  °C.  The  product  gas  was  composed  of  75%  H2,  25%  C02  and  2100  ppm  CO.  The  maximum  hydrogen 
production  rate  and  conversion  were  about  200  cm3  and  95%  at  320  °C,  respectively. 

©  2005  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

The  fuel  cell  is  on  its  way  to  becoming  compact  and 
portable  to  provide  an  alternative  to  batteries  that  are  unsat¬ 
isfactory  energy  sources  for  evolving  portable  electronic 
devices  such  as  notebooks,  personal  digital  assistants  and  cel¬ 
lular  phones.  Many  new  technologies  for  miniaturizing  fuel 
cells  have  been  researched  to  accomplish  the  same  perfor¬ 
mance  as  a  conventional  fuel  cell  [1-7].  Although  the  major 
focus  has  been  directed  towards  miniaturization  of  the  fuel 
cell,  the  peripheral  auxiliaries  of  a  system  take  up  more  space 
than  the  fuel  cell  itself.  Among  such  peripheral  auxiliaries, 
hydrogen  storage  occupies  the  largest  space.  Thus,  miniatur¬ 
ization  of  the  fuel  supply  component  is  no  less  important  than 
that  of  fuel  cell.  This  paper  deals  with  this  subject. 

Four  types  of  hydrogen  supply  methods,  namely  com¬ 
pressed  hydrogen,  chemical  hydride,  metal  hydride  and 
reformed  hydrogen  have  been  generally  used  for  polymer 
electrolyte  membrane  fuel  cells  (PEMFCs).  Among  these 
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methods,  reformed  hydrogen  is  considered  to  have  the  great¬ 
est  potential  for  portable  fuel  cells,  due  to  the  high  energy 
density,  fast  response  time,  low  production  cost  and  easy 
refuelling.  Thus,  the  key  for  applying  reformed  hydrogen  to 
a  portable  fuel  cell  is  how  to  make  the  reformer  compact. 

Micro  electro  mechanical  systems  (MEMSs)  and  sili¬ 
con  technology  are  promising  technologies  for  miniaturiz¬ 
ing  conventional  macro-scale  facilities  into  compact  devices. 
Accordingly,  there  are  much  research  into  bioMEMS,  micro¬ 
actuators,  micro-sensors  and  micro-reactors  [8-1 1].  The  con¬ 
cept  of  the  miniaturization  of  conventional  reformers  belongs 
to  the  technology  of  micro-reactors.  Various  fabrication  tech¬ 
nologies  such  as  lithography,  silicon  wet  etching  [12],  anodic 
bonding  [13]  and  thin-film  deposition  have  been  adopted 
from  the  silicon  process,  and  fabrication  of  the  main  body 
of  the  micro-reformer  has  been  successfully  accomplished 
with  these  technologies. 

In  addition  to  fabrication  of  main  body  of  the  reactor,  cat¬ 
alyst  loading  in  the  micro-reformer  is  a  critical  issue.  The 
packed-bed  loading  method  is  very  popular  for  macro-scale 
reactors  [14-16].  It  is  not  suitable,  however,  for  loading  a 
catalyst  into  a  micro-reactor  due  to  the  high  pressure  drop 
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and  inherent  fabrication  problems.  Thus,  other  methods  such 
as  physical  vapour  deposition  (PVD)  [17]  and  dip  coating 
[18,19]  have  been  proposed  along  with  a  modified  packed- 
bed.  We  have  devised  a  ‘fill-and-dry  coating’  procedure  to 
load  the  catalyst  into  a  preassembled  micro-reformer.  With  a 
micro-reformer  made  by  MEMS  technology  and  the  fill-and- 
dry  coating  method,  the  methanol  steam-reforming  reaction 
was  performed. 


2.  Fabrication 

A  schematic  diagram  of  the  micro-reformer  fabrication 
process  is  given  in  Fig.  1.  A  (1  1  0)  silicon  wafer  was  used 
to  make  a  rectangular- shaped  micro-channel  by  anisotropic 
wet  etching  with  KOH  solution.  The  micro-channels  were 
600  pan  in  width  and  240  pan  in  depth  (Fig.  1(a)). 

An  etched  silicon  wafer  was  bonded  with  Pyrex  by  anodic 
bonding  (Fig.  1(b)).  Then,  an  alumina  layer  was  coated  on 
the  inside  of  the  channel  as  an  adhesion  layer  using  an  alu¬ 
mina  sol  prepared  by  the  Yoldas  process  [20],  see  Fig.  1(c). 
The  micro-channels  of  the  pre-assembled  micro-reformer 
were  filled  with  alumina  sol,  which  was  pushed  out  by  air 
and  then  dried  for  a  day.  Calcination  was  carried  out  at 
500  °C. 

The  catalyst  was  loaded  as  a  layer  on  the  alumina  coated 
micro-channels  by  means  of  a  fill-and-dry  coating  method 
(Fig.  1(d)).  A  commercial  Cu-Zn0-Al203  reforming  catalyst 
from  Siid-Chemie  was  used  in  all  experiments.  Two  types 
of  catalyst  slurry  were  prepared  with  solvents  of  deionized 
(D.I.)  water  and  alumina  sol  by  using  a  ball-milling  method. 
The  alumina-coated  channels  were  filled  with  either  type  of 
slurry,  then  dried  for  a  day  and  calcined  at  300  °C. 
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After  catalyst  coating,  a  thin-film  heater  was  deposited  by 
direct  current  (dc)  magnetron  sputtering  on  the  silicon  side 
of  the  micro-reformer  to  control  the  temperature  during  reac¬ 
tion  (Fig.  1(e)).  The  thin-film  heater  was  composed  of  three 
components,  namely,  TaNx  heating  material,  a  tantalum  adhe¬ 
sion  layer,  and  a  gold  contact  pad.  Using  the  thin-film  heater 
and  a  relay  controlled  by  a  proportional-integral-differential 
(PID)  program,  the  temperature  of  the  micro-reformer  was 
precisely  controlled  within  0.3%  accuracy  up  to  400  °C.  The 
single  micro-reformer  fabrication  was  completed  with  depo¬ 
sition  of  the  thin-film  heater. 

A  vaporizer,  connected  in  series  to  the  reformer,  had  the 
same  structural  shape  as  the  micro-reformer  but  lacked  AI2O3 
and  catalyst  layers.  To  prevent  methanol  vapour  from  con¬ 
densing  at  the  junction  of  the  of  vaporizer  and  the  reformer, 
a  Viton  O-ring  and  a  stainless-steel  end-plate  were  applied 
(Fig.  1(f)).  Photographs  of  the  fabricated  micro-reformer  and 
stack  are  given  in  Fig.  2.  The  volume  of  the  single  reactor  and 
a  reformer  stack  composed  of  one  vaporizer  and  two  reform¬ 
ers  was  0.55  and  15  ml,  respectively. 


3.  Experimental 


A  schematic  diagram  of  the  complete  experimental  setup 
for  activity  measurements  is  shown  in  Fig.  3.  A  PID  algorithm 
programmed  by  Fab  VIEW  controlled  the  temperature  of  the 
micro-reformer  during  the  reduction  and  reforming  reactions. 
Prior  to  the  analysis  of  activity,  the  Cu-Zn0-Al203  catalyst 
was  reduced  with  2  cm3  of  H2  and  20  cm3  of  N2  at  300  °C 
for  3  h. 

Activity  measurements  of  the  alumina  sol-based  catalyst 
and  the  D.I.  water-based  catalyst  were  performed  at  a  temper- 
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Fig.  1.  Micro-reformer  fabrication  process:  (a)  silicon  wet  etching;  (b)  anodic  bonding  with  Pyrex;  (c)  alumina  layer  coating;  (d)  catalyst  coating;  (e)  thin-film 
heater  deposition;  (f)  packaging  with  stainless-steel  end-plates. 
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Fig.  2.  Micro-reformer:  (a)  front  side  of  single  reactor;  (b)  back  side  of  single  reactor;  (c)  side  view  of  reformer  stack;  (d)  top  view  of  reformer  stack. 
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Fig.  3.  Experimental  setup. 
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ature  of  150  °C  for  the  vaporizer  and  280  °C  for  the  reformer. 
The  American  Society  for  Testing  and  Materials  (ASTM) 
tape  test  and  field  emission  scanning  electron  microscopy 
(FESEM)  were  employed  to  evaluate  the  effectivness  of  the 
alumina  layer  as  an  adhesion  layer.  A  flow  meter  was  used 
to  measure  and  compare  the  gas  production  rates  of  the  two 
different  catalysts. 

After  selecting  the  better  catalyst  between  the  alumina 
sol-based  and  D.I.  water-based  catalysts,  the  effects  of  the 
flow  rate  of  feed  and  the  operation  temperature  on  activity 
and  production  gas  composition  were  analyzed.  Micro-GC 
equipment  (Varian  CP  4900)  was  used  for  this  purpose. 

4.  Results  and  discussion 

To  control  the  temperature  of  the  micro-reformer,  a  Ta- 
based  thin-film  heater  was  introduced.  The  structure  of  the 
thin-film  heater  used  in  this  study  is  shown  in  Fig.  4(a).  The 
compound  TaNA  saved  as  the  main  heating  material  and  was 
formed  on  a  silicon  substrate.  Thermal  pretreatment  resulted 


in  a  Ta2C>5  passivation  layer  on  top  of  the  TaNx  heater.  Thus,  it 
prevented  degeneration  of  the  TaNx  heater  and  induced  a  large 
voltage  drop.  On  heating,  the  temperature  of  micro-reformer 
with  a  Ta205  layer  was  20  °C  higher  than  that  without  Ta205 
for  the  same  power  consumption.  The  gold  contact  pad  also 
increased  the  temperature  of  the  micro-reformer  by  40  °C 
compared  with  that  for  a  micro-reformer  with  only  a  thermal 
pretreatment  step,  by  reducing  contact  resistance.  With  the 
introduction  of  a  thermal  pretreatment  step  and  a  gold  contact 
pad,  the  efficiency  of  the  thin-film  heater  could  be  increased 
about  23%,  as  shown  in  Fig.  4(b).  The  temperature  of  the 
micro-reformer  could  be  controlled  to  within  0.3%  with  the 
thin-film  heater. 

Another  key  issue  for  the  micro-reformer  was  how  to  load 
the  catalyst  on  the  silicon-based  micro-channels.  For  this  pur¬ 
pose,  both  a  fill-and-dry  coating  method  for  catalyst  coating 
and  wash  coating  for  the  alumina  adhesion  layer  were  intro¬ 
duced.  The  alumina  layer  was  coated  on  the  inside  of  the 
micro-channels  by  filling  alumina  sol  into  the  micro-channel 
and  then  the  excessive  sol  was  removed  with  air.  Through 
calcination  it  at  500  °C,  a  well-coated  micro-channel  was 
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Fig.  4.  (a)  Structure  of  thin-film  heater;  (b)  temperature  of  heater  depending 
on  heater  types  (1)  as-deposited  TaN*;  (2)  thermally  pretreated  TaNr;  (c) 
with  Au  electrode. 


obtained,  as  shown  in  Fig.  5(a).  Detachment  phenomena,  sig¬ 
nifying  poor  adhesion,  were  not  observed  even  at  the  corner 
of  the  coated  micro-channel.  After  loading  the  catalyst  on  the 
alumina  layer,  the  steam-reforming  reaction  was  performed. 


Without  the  alumina  layer,  the  catalyst  layer  became  loose 
and  even  peeled  off  at  the  corner  after  the  reforming  reac¬ 
tion.  Therefore,  it  is  clear  that  the  alumina  layer  contributed 
to  the  improvement  in  adhesion  between  the  substrate  and 
the  catalyst. 

The  photographs  in  Fig.  5  demonstrate  that  the  fill-and- 
dry  coating  method  renders  a  catalyst  coating  with  a  good 
loading  profile.  It  is  thought  that  the  surface  tension  in  the 
slurry  dry  step  induces  a  hollow  profile  of  catalyst  adhesion 
on  the  channel  wall. 

After  coating  the  catalyst  over  the  alumina  adhesion  layer, 
the  activity  of  the  catalyst  was  tested  at  280  °C  with  1  cm3  h- 1 
methanol  solution  (steam-to-carbon  ratio  (S/C)=  1)  and  var¬ 
ious  catalyst  preparation  methods.  As  mentioned  above,  two 
types  of  catalyst  namely,  an  alumina  sol-based  catalyst  and  a 
D.I.  water-based  catalyst,  were  used.  The  difference  between 
the  two  catalysts  lies  in  the  solvent  used  for  the  catalyst  slurry. 
Since  the  alumina  sol  strengthens  the  bonding  between  the 
catalyst  particles  and  the  alumina  layer,  the  alumina  sol- 
based  catalyst  exhibits  good  adhesion.  On  the  other  hand, 
most  of  the  catalyst  particles  are  covered  with  the  alumina 
sol  and  therefore  the  surface  area  exposed  to  reactants  is 
reduced,  as  illustrated  in  Fig.  6(a).  By  contrast,  the  D.I.  water- 
based  catalyst  has  a  high  surface  area,  because  the  solvent 
used  for  the  catalyst  slurry  evaporates  during  drying  and 
calcination. 

The  dependence  of  activity  on  the  catalyst  preparation  and 
coating  methods  is  demonstrated  in  Fig.  6(c).  The  alumina- 
based  catalyst  sustains  a  gas  production  rate  that  is  inde- 


Fig.  5.  Alumina  layer  and  catalyst  layer  coating  profile:  (a)  alumina  layer  profile;  (b)  catalyst  layer  with  alumina  layer;  (c)  catalyst  layer  without  alumina  layer; 
(d)  D.I.  water-based  catalyst  by  hll-and-dry  method. 
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Fig.  6.  Gas  production  rate  as  function  of  catalyst  coating  conditions:  (a)  catalyst  prepared  with  alumina  sol;  (b)  catalyst  prepared  with  water;  (c)  gas  production 
rate  (1)  alumina  sol-based  catalyst  by  fill-and-dry  method;  (2)  alumina  sol-based  catalyst  by  wash  coating  method;  (3)  water-based  catalyst  by  fill  and  dry 
method;  (4)  water-based  catalyst  by  wash  coating. 


pendent  of  the  catalyst  coating  method.  This  is  because  the 
surface  area  exposed  to  reactants  is  virtually  unchanged.  The 
D.I.  water-based  catalyst  prepared  by  ‘wash  coating’  was 
swept  out  during  the  air  washing  process  and  thus  there 
was  no  gas  production.  The  maximum  gas  production  rate 
was  obtained  with  a  D.I.  water-based  catalyst  coated  by  the 
fill-and-dry  coating  method.  This  catalyst  also  showed  good 
adhesion  after  drying  and  calcination  and  there  by  could 
sustain  the  shear  stress  during  the  reforming  reaction,  as  indi¬ 
cated  in  Fig.  5(d).  The  D.I.  water-based  catalyst  coated  by  a 
fill-and-dry  coating  method  is  found  to  be  the  most  effective 
for  hydrogen  generation  among  the  four  preparation  meth¬ 
ods.  Accordingly,  a  micro-reformer  stack  was  made  with  the 
D.I.  water-based  slurry  to  test  the  activity. 

To  investigate  the  effect  of  feed  rate  on  the  gas  production 
rate  and  conversion,  the  methanol  feed  rate  was  varied  from 
1  to  10  cm3  h-1  at  the  reformer  temperature  of  280  °C.  To 
calculate  the  conversion  from  methanol  to  hydrogen,  unre¬ 
acted  methanol  and  water  vapour  were  removed  through  a 
cold  trap  that  was  inserted  between  the  outlet  of  the  micro¬ 
reformer  and  the  inlet  of  the  gas  chromatograph  analyzer. 
As  the  methanol  feed  rate  is  increased,  the  gas  production 
rate  increases  from  28  cm3  (hydrogen  21cm3)  to  145  cm3 
(hydrogen  108.7  cm3)  but  the  conversion  decreases,  as  shown 
in  Fig.  7.  One  hundred  percent  conversion  was  observed  up 
to  2mlh-1  feed  rate,  whereas  it  was  reduced  to  50.3%  at 
the  feed  rate  of  lOmlh-1.  The  reduction  in  conversion  over 
3  ml  h-1  methanol  feed  rate  seemed  to  be  originated  from  the 
contact  time  of  reactants  with  catalyst. 

Fig.  8  shows  the  dependency  of  gas  production  rate  and 
conversion  on  the  reformer  operation  temperature.  At  a  fixed 


methanol  feed  rate  of  10  cm3  h-1,  the  temperature  was  var¬ 
ied  between  280  and  320  °C.  The  rate  of  gas  production 
is  145  cm3  (hydrogen  108.7  cm3)  at  280  °C  and  275  cm3 
(hydrogen  206  cm3)  at  320  °C,  while  conversions  is  50.3  and 
95.4%  at  280  and  320  °C,  respectively.  A  hydrogen  produc¬ 
tion  rate  of  206  cm3  corresponds  to  a  power  output  of  20  W, 
when  100%  hydrogen  utilization  and  a  potential  of  0.7  V  are 
assumed.  It  is  obvious  that  the  gas  production  rate  and  conver¬ 
sion  will  increase  if  the  operation  temperature  is  raised,  but 
a  high  operation  temperature  will  accelerate  the  deactivation 
of  the  catalyst.  The  trade-off  between  operation  temperature 
and  catalyst  deactivation  has  to  be  considered. 

At  a  reformer  operating  temperature  of  280  °C,  the  con¬ 
centrations  of  hydrogen  and  carbon  dioxide  remain  almost 


Fig.  7.  Gas  production  rate  and  conversion  vs.  feed  rate  at  reaction  temper¬ 
ature  of  280 °C. 
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of  carbon  dioxide  results  in  the  reverse  water-gas-shift  reac¬ 
tion,  which  explains  the  high  carbon  monoxide  concentration 
at  slow  methanol  feed  rates,  and  the  low  concentration  at  fast 
methanol  feed  rates.  The  carbon  monoxide  concentration  of 
2 100  ppm  at  a  10  cm3  h-1  methanol  feed  rate  is  relatively 
low,  but  is  still  too  high  for  direct  application  in  fuel  cells 
and  has  to  be  reduced  via  the  preferential  oxidation  (PROX) 
reaction. 


5.  Conclusions 

A  silicon-based  micro-reformer  has  been  fabricated  for 
portable  fuel  cell  applications.  Silicon  wet  etching,  anodic 
bonding,  thin-film  deposition  and  a  new  catalyst  loading 
method  (fill-and-dry  method)  have  been  applied.  The  vol¬ 
ume  of  each  micro-reactor  is  as  small  as  0.55  cm3  and  the 
volume  of  the  micro-reformer  stack,  which  comprises  one 
vaporizer  and  two  reformers,  is  15  cm3.  The  gas  production 
rate  increases  with  the  methanol  feed  rate  and  the  opera¬ 
tion  temperature.  The  maximum  hydrogen  production  rate  is 
206  cm3  with  a  CO  concentration  of  2100  ppm.  This  corre¬ 
sponds  to  20  W  and  the  CO  concentration  is  lower  than  that 
obtained  with  a  conventional  reformer,  although  it  is  still  too 
high  for  direct  application  in  fuel  cells. 
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